C^-I6^l(o0 

Co 

t 



r 


TO 

tJI sobUce PBESSOBE DISIEIBBIIOII OB 
PEATE PBOB ««« * 


Mai-21019 ^ 


Oaclas 

2jrL2Z_ 



OFFICES: 510 CLYDE AVENUE / MOUNTAIN VIEW, CALIFORNIA 94043 / TELEPHONE (415) 968-9457 



COPY NO . ZS 


A CORRELATION METHOD TO PREDICT THE 
SURFACE PRESSURE DISTRIBUTION ON AN 
INFINITE PLATE FROM WHICH A 
JET IS ISSUING 


By 

Stanley C. Perkins, jr. 
and 

Michael R. Mendenhall 


NEAR TR 160 
May 1978 


' REPRODUCED BY 

U.S. DEPARTMENT OF COMMERCE 

NATIONAL TECHNICAL 
INFORMATION SERVICE 
SPRINGFIELD, VA 22161 

Prepared under Contract No. NAS2-9509 

by 

NIELSEN ENGINEERING & RESEARCH, INC. 
Mountain View, California 

for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Ames Research Center 


1. Report No. 2, Government Accession No. 

NASA CR-152,160 

3. Recipient's Catalog No. 

4. Title and Subtitle 

A Correlation Method to Predict the 
Surface Pressure Distribution on an 
Infinite Plate from which a Jet is Issuing 

5. Report Date 

May 1978 

6. Performing Organization Code 

409/C 

7. Author(s) 

Stanley C. Perkins, Jr. and Michael R. 
Mendenhall 

8. Performing Organization Rep)ort No. 

NEAR TR-160 

10. Work Unit No. 

9. Performing Organization Name and Address 

Nielsen Engineering & Research, Inc. 

510 Clyde Avenue 

Mountain View, California 94043 

11. Contract or Grant No. 

NAS2-9509 

13. Type of Report and Period Covered 

Contractor Report 

12. Sponsoring Agency Name and Address 

NASA 

Ames Research Center 

Moffett Field, California 94035 

14. sponsoring Agency Code 

15. Supplementary Notes 

Ames Technical Monitors, David G. Koenig and 
Donald L. Ciffone ' 


16. Abstract 


A correlation method.;. to predict pressures induced on an 
infinite plate by a jet issuing from the plate into a subsonic 
free stream has been developed. The complete method consists 
of an analytical method which models the blockage and entrain- 
ment properties of the jet and a correlation which accounts for 
the effects of separation. The method has been developed for 
jet velocity ratios up to ten and for radial distances up to 
five diameters from the jet. Correlation curves and data 
comparisons are presented for jets issuing normally from a flat 
plate with velocity ratios one to twelve. Also, a list of ref- 
erences which deal with jets in a crossflow is presented in 
the Appendix. 


17. Key Words (Suggested by Author(s)) 18. Distribution Statement 

Sxabsonic crossflow 

Jet in a crossflow Unclassified-Unlimited 

Pressure distribution 


V/STOL 

19. Security Qassif. (of this reportl 

Unclassified 


20. Security Classif. (of this page) 

21. No. of Pages 

Unclassified 

117 


22. Price* 


*For sale by the National Technical Information Service. Springfield, Virginia 221 61 






















TABLE OF CONTENTS 

Page 

Section No. 

SUMMARY 1 

INTRODUCTION * 1 

SYMBOLS 4 

APPROACH 7 

Jet Model 8 

Centerline shape 8 

Blockage model 8 

Entrainment model 11 

Spreading rate 15 

Correlation 18 

RESULTS 21 

CONCLUDING REMARKS 24 

RECOMMENDATIONS 24 

APPENDIX A 26 

REFERENCES 63 

TABLE I 65 

FIGURES 1 THROUGH 21 66 


PRECEDING PAGE BLANK NOT FILMED 


iii 



A CORRELATION METHOD TO PREDICT THE 
SURFACE PRESSURE DISTRIBUTION ON AN 
INFINITE PLATE FROM WHICH . A 
JET IS ISSUING 

Stanley C. Perkins, Jr, and Michael R. Mendenhall 
Nielsen Engineering & Research, Inc. 


SUMMARY . 

A correlation method to predict pressures induced on an infinite 
plate by a jet issuing from the plate into a subsonic free stream has 
been developed. The complete method consists of an analytical method 
which models the blockage and entrainment properties of the jet and a 
correlation which accounts for viscous effects. The method has been 
developed for jet velocity ratios up to ten and for radial distances up 
to five diameters from the jet. Correlation curves and data comparisons 
are presented for jets issuing normally from a flat plate with velocity 
ratios one to twelve. Also, a list of references which deal with jets 
in a crossflow is presented in the Appendix. 

INTRODUCTION 

During the past several years there has been an increased interest 
in V/STOL configurations which utilize lift jet engines mounted in wings 
and/or the fuselage. While these configurations usually exhibit improved 
lift characteristics, the interaction of the jet and the free stream can 
result in undesirable aerodynamic loading characteristics influencing 
lift and stability. This situation arises during transition from hover- 
ing to horizontal flight, when the configuration has attained some for- 
ward speed but must still rely on the jet for lift. Investigation of 
the effects of a lift jet on the pressure distribution on an infinite 
flat plate, as presented in this report, is a first step in understanding 
the jet/wing and jet/fuselage interference problem. 

Experimental investigations on jet interference effects on an 
infinite flat plate (refs. 1-5) have^ shown that the jet produces a region 
of positive pressure upstream of the jet and regions of negative pressure 
downstream and to each side of the jet. The negative pressure field has 
been found to intensify as the jet velocity ratio is increased. Oil 


film tests, such as those done by Mosher (ref. 5), show a strong viscous 
region immediately downstream of the jet. It is in this viscous domi- 
nated region that pressures on the plate are difficult to predict. 

In recent years, several theoretical and empirical methods to pre- 
dict jet induced pressures on a flat plate have been developed. One of 
the most successful of these methods is that of Dietz (ref. 6) which 
utilizes a sink-vortex pair representation of the jet. Data comparisons 
are good in the regions ahead and to the side of the jet, but poor in the 
region behind the jet. This method requires knowledge of certain vortex 
properties, such as vortex strength, spacing, and core size, which can 
only be obtained from detailed velocity measurements in the jet plume. 
Another method is the sink-doublet-vortex pair method of Yeh (ref. 7) . 

This method accounts for jet entrainment using a sink distribution, jet 
blockage using a doublet distribution, and the formation of the vortex 
pair. Data comparisons are good in regions ahead of the jet and fair to 
poor for the regions to the side and behind the jet. Other recent methods 
include a vortex lattice method (ref. 8) , a finite-element potential flow 
method (ref. 9) , and a method which utilizes matched asymptotic expansions 
(ref. 10). Data comparisons using these methods are for the most part 
good upstream of the jet and poor to the side and downstream of the jet. 

Accurate prediction of the pressure distribution on the plate in the 
viscous region of the jet was not obtained by any of the aforementioned 
methods. Since purely analytic methods have not been successful in pre- 
dicting the viscous effects of the jet, an empirical approach is suggested 

The pressure prediction method presented in this report consists of 
an analytical model and an empirical correlation factor to account for 
viscous effects. The analytical model utilizes the sink distribution of 
reference 7 to represent entrainment effects and a distribution of vortex 
quadrilateral panels on the jet boundary to represent blockage effects. 

The jet boundary and position are determined from empirical observations. 
The viscous correction factor is obtained from a correlation of the dif- 
ference between analytically predicted surface pressures and measured 
results. 

The development of the correlation factors for jets issuing normal 
to flat plates is presented in this report, and predicted pressure dis- 
tributions are compared with experimental data from several sources. Also 
included are normal-force and pitching-moment coefficients on finite 
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plates for selected jet velocity ratios. Recommendations for improving 
the present correlation method are also discussed. 
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SYMBOLS 


A. 


1 


A 

max 

a 

b 


C 


m 


n 



P 

Qa 

q' 

^a 

^00 


area of sector or segment of circular flat plate, see 
figure 18 


total area of circular flat plate, Ttr 


max 


half width of a quadrilateral vortex ring, see sketch 1 

half-width of the jet mixing region, see figure 1; also 
half-height of a quadrilateral vortex ring, see sketch 1 


pitching-moment coefficient, 


n 


IT A 

max max i=l 


y C A.x , see figure 18 
^ 1 m^ 


normal-force coefficient, 
n 


y C A. , see figure 18 
P.- 1 ^ 


max i=l P 
pressure coefficient, 


P - P„ 


pressure coefficient at area centroid of sector or segment 
of circular flat plate 

jet diameter at the exit plane, see figure 1 

influence coefficient for velocity at a point induced by 
a vortex quadrilateral, equation (6) 

length of jet initial region 

distance from leading edge of plate to center of jet, 

Mach number of jet at the exit plane 

jet velocity ratio, V./V„ 

J 

unit normal at a point, see figure 3 
static pressure 

sink intensity, volxame per unit time 
local sink intensity, vol\jme per unit time 
nondimensional sink intensity, q./V^D 
dynamic pressure, 

Reynolds niunber based on jet diameter at the exit plane, 
P=oVcoD/yco 
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SYMBOLS (Continued) 


Re^ 


r 


r 


a 


r 

max 


(r/D) 


max 


r 

o 



s 


t 


U 

X 





z 


u, v,w 


V. 

3 


V 


r 


V 


CO 


X,Y,Z 




z 

a 


X . . 

3^3 


z . 
3 



Reynolds niamber based on distance from leading edge of 
plate to center of jet, 

radial distance along the plate from the center of the jet 
to any field point on the plate 

vector from a sink to each field point, 

/(x. - x^)2 + (y. - + (Z. - 

radius of the circular plate (used in normal force and 
pitching moment calculations) , see figure 18 

maximum radial position at which data is recorded 

jet radius at the exit plane 

curve length of the jet axis 

vector defining magnitude and direction of one side of a 
vortex ring , see sketch 2 

local jet width in X-Y plane, see figure 1 

velocity vector induced by a vortex element, equation (8) 

velocity components due to entrainment as determined in 
the jet coordinate system 

velocity components in the X, Y, and Z directions, 
respectively 

jet velocity at the exit plane 
local centerline velocity of the jet 

velocity induced by a series of vortex quadrilaterals, 
equation (6) 

constant free- stream velocity 


plate coordinate system fixed at the center of the jet 
exit plane, positive X is upstream 


coordinates of the j et axis in the j et coordinate system 


jet coordinate system fixed at center of the jet exit 
plane, positive x^ is downstream 


local moment arm of area see figure 18 


normalized vertical coordinate of jet axis, z^/D 
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SYMBOLS ( Concluded ) 


a 


6 


local slope of jet centerline; dz./dx., a = 6 . at exit 
plane, see figure 1 3 3 J 

polar angle, measured clockwise from the positive X-axis 
in the plate X-Y plane, see figure 1 


strength of a vortex quadrilateral 

(AC )■ . correlation increment of pressure coefficient 

p vxscous ^ 


initial inclination angle of jet centerline, measured from 
the positive X-axis in the X-Z plane, 6. = 90® - 6; see 
figure 1 ^ 


0 initial inclination angle of jet centerline, measured from 

the positive Zj axis in the xj-yj plane, 0=0® for a jet 
issuing normal"^ to the free stream, see figure 1 

absolute viscosity of free stream 

free-stream density 

a fraction of length of one side of a vortex ring, see 

sketch 2 


potential as determined in the jet coordinate system 


Subscripts 

a jet centerline quantity 

max maximxam value 

oo free-stream quantity 


0 
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APPROACH 


Figure 1 shows a sketch of an expanding jet of initial velocity 
emerging from an infinite plate at initial inclination angle 6 into a 
subsonic crossflow of velocity V^. It has been observed that the jet 
centerline path depends on the jet velocity ratio V^/V^ and inclination 
angle 0, and the jet expansion rate depends on V./V . The overall effect 
of the jet on the plate is to produce a region of positive pressures 
upstream of the jet and a region of negative pressures laterally and 
downstream of the jet. This region of influence of the jet generally 
extends no further than five jet diameters from the center of the jet. 

Most theoretical pressure results tend to compare well with data 
in the region 0° ^ g < 90°, where viscous effects are small. The more 
successful methods may give good results up to 3 = 120°, but downstream 
of this angle the viscous effects are strong and present theoretical 
methods cannot predict plate pressures accurately. 

One approach to the problem of predicting pressures in a viscous 
region is to correlate the pressure difference between analytical results 
without viscous effects and available data. Assuming such a correlation 
can be made, the pressure coefficient at each point on the plate can be 
expressed as; 

C = C + AC (1) 

^ ^ potential ^ viscous 

where ACqI is the correlation result which represents viscous 

^ I viscous 

effects. The potential portion of the above equation is calculated using 
the Bernoulli equation in the following form 



Details of the jet model and the pressure correlation are presented in 
the following sections. 
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Jet Model 


Details concerning the specification of the jet centerline path, 
the blockage and entrainment models, and the spreading rate of the jet 
are presented in the following sections. 

Centerline shape .- The path of the jet centerline is specified using 
the empirical relation developed by Margason (ref. 11) . This relation 
was obtained by correlating results from several experimental tests and 
is given as; 


X . 

-J. = 
D 


4sin^6. 



+ cot 6 , 
D 2 


(3) 


The centerline shape given by equation (3) compared well with jet wake 
vapor flow visualization data for several different velocity ratios 
throughout the inclination angle range of interest (0° ^ <5^ i 90°), and 
it also is in good agreement with other methods. Figure 1 shows a sketch 
of the jet exhausting from the plate at inclination angle <Sj in the jet 
coordinate system. Figure 2 shows centerline shapes for velocity ratios 
2.2, 3.9, 6.1 and 10.0 as given by equation (3) with 6^ = 90°. 

Blockage model .- A jet exhausting from an infinite plate into a 
subsonic free stream has been observed to exhibit a displacement effect 
as if the jet boundary were behaving as a solid surface, particularly 
near the surface of the plate. Some discussion of this phenomenon is 
presented in references 7 and 10. The effect of the solid jet boundary 
is obtained by representing the specified wake surface by a series of 
vortex quadrilateral panels on which a boundary condition of flow tangency 
is enforced. A description of the vortex quadrilateral panel blockage 
model follows. 

The boundary of the jet wake, specified by the centerline path and 
the wake radius along the centerline, is divided into length segments 
as illustrated in figure 3.. Each length segment is further divided into 
a number of circumferential segments. A slice through the wake, normal 
to the centerline, shows the circular cross section wake to be represented 
by a series of straight segments. The control point on each panel is 
located at the centroid of the panel, and the vector n is the unit normal 
to the panel, positive when directed outward. The boundary condition 
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satisfied at each control point is 

V • n = 0 


where 

->• * 4 - 

V = V 4- Vp 

00 r 


(4) 

(5) 


The second term of equation (5), Vp, is the velocity induced at a panel 
control point by all vortex quadrilateral panels making up the blockage 
model. This term can be written as 





M 


I 

m=l 


4tt m 


( 6 ) 


Thus equation (4) 


at each control point becomes 

M r 

n • I 


m=l 


m 

4tt 


m 


-4 

= - V 


n 


(7) 


which is a set of M linear simultaneous equations in terms of the M 
unknown vortex quadrilateral strengths, Note that is the influ- 

ence coefficient for the velocity induced at a control point by the 

quadrilateral vortex ring F . 

^ m 

The velocity vector, at a field point, induced by a single quadri- 
lateral vortex ring is described in reference 12. The equations are 
reproduced here for convenience. Consider a single quadrilateral vortex 
ring as shown in sketch 1. 



Sketch 1.- Quadrilateral vortex ring 


According to the sign convention chosen for the jet model, a positive F^ 
is indicated in the above sketch. Consider now the contribution of side 
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1-2 to the velocity at point P. Sketch 2, also from reference 12, 
illustrates a single side of the vortex ring and identifies the parameters 
required for the derivation of the velocity equations. 



Sketch 2.- Vortex element 


The velocity vector at point P is 




X rds 


R| 


( 8 ) 


where r is the density of vorticity per unit length. 


R = A + oS 


dS = Sda 


U = ui + vj + wk 


(9) 

( 10 ) 

( 11 ) 


The resultant velocity at point P, from equation (7), is 


U = 

4tt 


A X B 


(A X B) • (A X B) 


[|a| + |b^ 


1 - 



“V 

A ♦ 

B 

1 1 

1 1 

|a| 

|b| 


( 12 ) 


as developed in reference 12. Let 


«1 

- Xp)i + 

(Yi - Yp)j + 

(^1 - 

Zp)k 







- Xp)i + 

- ^ p)j + 

(^2 - 

Zp)k 


( 13 ) 
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The total velocity at P, Vp, induced by a single quadrilateral 
vortex ring is obtained by summing the contribution from equation (8) for 
the four sides of the ring. A summation over all the panels representing 
the jet surface will result in the velocity induced at a point, P, by the 
complete blockage model . 

As with all finite panel methods, the representation of the flow 
around a solid body is better the further the point of interest is from 
the body. For practical problems of interest in this work, that is, flow 
around circular cross section jets with small diameters compared to their 
length, a good rule of thumb is that the point of interest should not be 
nearer to the surface than one panel width. This has been verified for 
the flow around a cylinder. The present blockage model was used to rep- 
resent a long, straight cylinder (L/D - 10) with varying numbers of panels 
on its circumference. The induced velocity in the plane normal to the 
cylinder axis was compared with the exact potential flow around a two- 
dimensional cylinder. Considering a minimum of six and a maximum of 
twenty panels around the cylinder, the panel method was in excellent 
agreement with the exact results so long as the comparisons were made 
farther than one panel, width from the surface. All results presented in 
this report were obtained using twenty panels around the circumference 
unless otherwise noted. 


The predicted flow fields are insensitive to the length of the panel 
so long as the panel aspect ratio (height/width) is within reasonable 
limits. In the region where the flow field is to be calculated, the panel 
aspect ratio is specified to be between one and four. On extreme portions 
of the surface which are a large distance from the flow field points, the 
panel aspect ratio can be much larger without affecting predicted results. 

Entrainment model .- A jet exhausting from an infinite plate into a 
subsonic free stream will entrain air from the free stream and accelerate 
it in the direction of the jet. The induced flow external to the jet 
boundary can be represented in potential theory by sinks distributed 
along the jet axis. One approach to this method of modeling entrainment 
was developed by Yeh (ref. 7) and is described herein. 


The potential of a three-dimensional sink is given as: 


4ir 


Q 

r 


a 

a 


(14) 
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where Q is the sink intensity and is the vector from the sink to each 

a a 

field point. If the sink distribution lies on the jet axis, the potential 
can be found by integrating a variable sink intensity over the length of 
the semi-inf initely- long jet axis. The expression for the potential 
becomes 




q ds 
^a a 


lx. - 




2 2 ] 
+ (Yj - y^) + (Zj - _ 


(15) 


where is the local sink intensity and s^ is the curve length along 
the jet axis. In order to obtain velocity components, the potential 
is differentiated with respect to each coordinate direction. These 
expressions are 


^x = 


u = 
y 


= 


c 

o 



4tt j 


0 9 o' 

3/2 

o 

[(X. - x^) + (y . - y^) + (z . - z^) _ 


c 

i 1 

o 

r 



4tt J 

1 

r, .2 .2 T 

3/2 

o j 

[(Xj - x^) + (y^ - y^) + (Zj - z^) ^ 


o 

0 

r 

(z . - z ) q ds 


1 

I 

' T a ^a a 


4tt 

' 1 

”2 2 T 

3/2 

o 

u. - X^) + (y . - y^) + (z . - z^) ^ 



(16) 


(17) 


(18) 


where U^, and are the velocity components in the x^ , y^ , and z^ 

directions, respectively. 


Yeh describes the deflected jet in a crossflow as being mainly 
characterized by two opposed lateral vortices which increase in intensity 
along the jet. The local sink intensity, according to Keffer's findings 
(ref. 13) , increases gradually with the growth of the vortex formation 
to a maximum in the main region (which Yeh defines as: z^/D ^ 0.35 V^/V^) 

and then decreases in the region where there is no relative axial velocity 
between the jet and the free-stream flow. Yeh approximates this sink 
distribution by assuming an equation of the form: 


.i- 

v„D 


bz ' 


= ae 




(19) 
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( 20 ) 


where a, b, and c are functions of V./V_ and z' and are defined as 

^ a 

follows: 


a = 


^‘^a^z'=0 

a 


b = 


2c (z ' ) , , , , 

a qi=(ql) 


( 21 ] 


a max 


In 


c = 


(ql) 


a max 




( 22 ) 


By use of empirical correlation, Yeh arrives at the following expressions 

for a, (q') , and (z') , , 

^a max a q'=(q') 


*a max 


a ~ 

0.3096(V./V ) - 0.0094(V./V )^ - 0.6752 

D 00 3 °° 

(23) 

(q') - 

^a max 

0.0106(V./V )^ + 0.4323(V./V ) - 0.7971 

3 0° 3 00 

(24) 

= (q*) 

^a max 

2.24(V./V ) « 3.615 

' j ' oo' 

(25) 


Substituting these coefficients into equation (19) for q', an 

a 

expression for the local sink intensity as a function of is obtained. 

a 

Since the induced velocities are obtained by integrating equations (16), 
(17) , and (18) along the jet axis, and since the distance along the axis 
is a function of z^, equation (3) for the jet centerline must be used 
in conjunction with these integrals to obtain U^, and . The 

expressions for the induced velocities due to entrainment at field 
point (Xj,Yj,Zj) on the plate, in nondimensional form, become: 



(26) 
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where 


U 

JL 

V 


_1^ 

4tt 




i-d 


ID 

^ j 


[dJ 


rr. 


u 


_1^ 

4tt 


rZ , Z 1 

|_JL _ 

— 2_ H 

rs '1 
■a 

ID D J 


[dJ 


rr. 


a 

D 


fX . 

-L 

D 


a 

D 


y ■ y ■ 
11 _ la 
D D 


z . 
D 


a 

D 


1/2 


( 27 ) 


(28) 


(29) 


In order for to be zero in the X-y plane to satisfy the no-flow 
condition at the plate, the entrainment model is imaged below the Z = 0 
plane. The effect of this imaging is to double the x-component and 
Y-component of the induced velocities in the Z = 0 plane and cancel the 
Z-component of velocity. It is also noted here that the X-component of 
induced velocity in the jet coordinate system is of opposite sign when 
expressed in the body (plate) coordinate system (X,Y,Z). 

The integral which defines the potential for a distribution of sinks 
along the jet axis, given by equation (15) , does not have an analytical 
solution and must be solved numerically. Since, for all practical pur- 
poses, the integration cannot be carried out to infinity, it must be 
determined how far along the jet the integral should be evaluated in 
order to obtain an accurate solution. The effect of jet length on the 
blockage results was discussed in a previous section, and it was noted 
that a jet length of 20 initial jet radii produced consistent results. 

To determine the effect of increasing this upper integration limit on the 

entrainment results, a constant radius jet at V./V = 8.0 was modeled. 

J 

A comparison of predicted pressure coefficients obtained using upper 
integration limits of 20 and 40 initial jet radii are shown in figure. 4 
for 8 = 0®, 30®, 90®, and 180®. The small differences in the theoretical 
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solutions in figure 4 represent differences due to the entrainment solu- 
tion, since the blockage results for both cases are virtually identical. 
Increasing the length of the jet centerline beyond 20 initial jet radii 
increases computation time without effecting much change in the final 
results. Consequently, 20 initial jet radii is the upper integration 
limit for all results presented in this report. 

Spreading rate .- As a circular jet exhausts from an infinite plate 
into a subsonic crossflow velocity, the jet interaction with the free- 
stream velocity causes the boundary to expand or spread with increasing 
distance along the jet. Some knowledge of the extent of the jet boundary 
is important in predicting the displacement or blockage effect of the jet. 
In actuality, the jet expands and its cross section distorts into a kidney 
shape as shown in sketch 3. The distortion of the jet and its roll-up 
into a pair of vortices is described in references 14, 15, 16, and 17. 

v 


fv, 

Sketch 3.- Jet Cross Section 

This condition occurs near the end of the potential core of the jet. The 
modeling of the vortex pair is very important if flow field velocities in 
the vicinity of the downstream portion of the jet are desired, but for 
purposes of calculating the pressure distribution on the plate near the 
jet, the displacement effect is more important. For this reason, the 
authors have chosen to neglect the formation of the vortex pair in the 
model presented in this report. 

Numerous investigators have studied the spreading rates of jets in 
a crossflow using both experimental and analytical methods. The results 
in references 13 and 18 will be used to calculate the required spreading 
rates in the following manner. Bowley and Sucec, in reference 18, assume 
the jet to be a co-flowing jet in a crossflow velocity V^cos a. They 
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also assumed the crossflow velocity to be a shear layer velocity with a 
specified profile; however, for purposes of the present work, the cross- 
flow velocity will be assumed uniform. Reference 18 relies heavily on 
Abramovich's results for a jet in a crossflow (ref. 19). Treating the 
jet as a planar jet of local thickness t, the spreading rate in the 
plane is determined using Abramovich's results for plane turbulent jets 
with a co-flowing external stream. The spreading rate for the initial 
region, which extends from the jet exit plane to the end of the potential 
core, is determined from the expression 


1 dt 

2 ds_ 


= (0.584 - 0.134 m) 


db 

ds 


(30) 


where 


cos a 


m = 


(31) 



0.27 


' l - m ^ 
1 + m 

V. 


(32) 


The expression for the main region, where b = t/2, is 

1 dt 


2 ds 


= 0.22 


V 

m 

- 

cos 

a 


+ V 

COS 

a 

m 

oo 



(33) 


The above expressions were developed for rectangular shaped jets. 
Even though the present model has been limited to circular cross section 
jets, it was assumed that the dt/ds_ from equations (30) and (33) could 

a 

be used to represent the spreading jet boundary. This assumption is best 
in the region near the plate where the jet has not had the opportunity to 
spread a large amount, and the spreading model will deteriorate at large 
distances from the plate. However, at large distances from the plate, 
the displacement effect on the plate and the induced pressure on the 
plate will be small. The effect of this assumption will be seen in the 
comparisons with data presented in a later section of this report. 


The differential equations, (30) and (33), which describe the 
spreading rates cannot be solved analytically; therefore, an approximate 
solution is obtained as follows. The equations are of the form: 



C(s^)A 



(34) 
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where D is the initial jet diameter and C(s^) is a coefficient which is 
a function of distance along the jet axis. Calculating C(s^), which rep- 
resents the slope of the curve, at various positions along the jet center- 
line and assuming t/D = 1.0 at L/D = 0 (since the jet is axisymmetric) an 
approximate expansion curve is determined for each velocity ratio. 

In order to determine the spreading rate in the main region, it is 
necessary to know the distribution of the local centerline velocity 

of the jet. Keffer and Baines (ref. 13) present experimental results of 
[ (Vm - V^)/(Vj - ] vs s^/D for velocity ratios of 4.0, 6.0, and 8.0. 

Using these results, the value of at various positions along the jet 
axis, and therefore the local slope C(s ), is determined for each jet 
velocity ratio case. The local slope is used to determine the growth rate 
in the main region. 

Since the length of the initial region is a factor in determining the 
spreading rate of the jet, some considerations for the choice of initial 
region length are in order. From reference 19,' a jet flowing into a 
quiescent region will have an initial region length of approximately five 
jet diameters. As shown in reference 17, the presence of a crossflow 
decreases the length of the initial region; however there is some dis- 
agreement between investigators as to the variation of initial region 
length with crossflow velocity ratio. The following systematic study of 
the effect of initial region length was carried out. 

Assuming initial region lengths of 0, 3, and 5 jet diameters, spread- 
ing rate curves were calculated for two jet velocity ratios, V./V =4 

3 “ 

and 8. These expansion curves are shown in figure 5. Using these 
expansion curves to determine the jet boundary for the blockage model, 
and including the entrainment model, pressure distributions are predicted 
on the plate in the region upstream of the jet where the viscous effects 
should be smallest. These results are compared with experimental data 
from reference 4 in figures 6 and 7. The results obtained using an initial 
region of 5 jet diameters are not shown because they are nearly identical 
to those obtained using the initial region of 3 jet diameters. The V^/V^ 
results in figure 6 indicate that, at 8 = 60°, an initial region of 3 jet 
diameters produces better agreement with data than the results obtained 
with no initial region. The predicted pressure distributions at 8 = 0° 
and 30° are not sensitive to the length of the initial region. The same 
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trends are evident at the higher jet velocity condition shown in figure 1 , 
although the agreement between the measured and predicted pressure dis- 
tributions at 3 = 60® is not as good as in the previous figure. Even 
though the length of the initial region varies with jet velocity ratio, 
the small effect of this length on the predicted pressure distributions 
in the upstream region of the jet indicate that a constant initial region 
length will suffice for the present model. For all calculations in this 
report, the initial region is assumed to be 3 jet diameters in length. 

Since the data from which V is obtained in reference 13 is only for 
V./V = 4.0, 6.0, and 8.0, it is necessary to develop an approximate 

J oo 

method for determining the expansion rate in the main region for other 

jet velocity ratios. A plot of (t/D) vs V./V , where (t/D) is the 

max j max 

value of t/D at s_/D =10, is shown in figure 8. Assuming that 

(t/D)^^^ ^ 1.0 as Vj/V^ -»• 0, a curve is faired through this point and the 

values of obtained for Vj/V^ = 4.0, 6.0, and 8.0. To obtain a 

spreading rate for arbitrary V./V , the initial expansion can be obtained 

using equation (30) for the initial region and (t/D) is read from 

max 

figure 8. The remainder of the curve can be constructed by interpolation 
or extrapolation of the known curves. A series of expansion rate curves 
is presented in figure 9. These curves are used to determine the block- 
age model, for the predicted results presented in this report. 

Correlation 

The purpose of the correlation is to isolate the viscous effects of 
the jet on the plate. It is expected that the predicted potential pres- 
sure distribution away from the jet and within the range 0® i 3 <. 60® will 
be in good agreement with experiment. The predicted pressures near the 
jet and within the range 60® ^ 3 .1 180® will likely be in poor agreement 
with experiment due to viscous effects. Assuming that the measured 
pressure distribution is given by a potential part, which consists of 
blockage and entrainment contributions, plus a viscous part, the viscous 
part can be determined by a differencing technique. This expression is 
given as 

AC = C - C (35) 

^ viscous ^ experiment ^ potential 
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Correlating tHis quantity as a function of jet velocity ratio and position 
on the plate, the predicted pressure' on a plate induced by a jet exhaust- 
ing from the plate into a crossflow is given by 

C = C + AC (36) 

P P potential ^ viscous 

The success of this correlation, as with any correlation, is depen- 
dent on the quantity of data available and how well these data compare 
with one another. In regions where multiple sets of data are in good 
agreement with one another, the correlation method results should com- 
pare well with these and other data. In region where the data sets are 
in poor agreement, it is impossible to obtain a correlation which will 
provide good results with all data.^ 

In comparing data sets with the same velocity ratio, it is necessary 
to note that other parameters, such as jet size, jet Mach number, initial 
jet mean velocity profile, jet turbulence level, free-stream Mach niimber, 
and Reynolds number based on run length (Re^) are seldom the same for any 
two data sets. Although it is felt that the velocity ratio is the domi- 
nant parameter in determining the pressure on the plate, these other 
parameters may indeed have secondary effects. An example of such effects 
was investigated by Vogler (ref. 1) and involves varying free-stream and 
jet velocities for constant jet velocity ratios. Results for V^/V^ = 2.5 
at 6 =0° and 60® are shown in figure 10. The effects of the free-stream 
velocity on the plate pressures vary from being negligible for r/D < 2.0 
at 3=0® to producing a difference in C of 0.12 at 3 = r/D = 

0.60. Although results of this type would indicate a need for investiga- 
ting such effects, very little data are available. In most experimental 
investigations, the jet velocity ratio is the primary effect studied. 

The correlation presented in this report is based on jet velocity ratio 
only, without consideration of the other flow parameters. 

The references used to develop the correlation are listed in Table I 

along with pertinent experimental parameters. These parameters are jet 

velocity ratio (V./V_), initial inclination angle (0), jet Mach number 

D 

(M.), Reynolds numbers based on initial jet diameter and run length (Re^^ 
and Re^, respectively) , ratio of the run length to the initial jet 
diameter (£/D) , and the ratio of the maximum radial station at which data 
was talcen to the initial jet diameter (r/D) . Also included is a column 

lUa-X 
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which indicates the manner in which the data is presented in each report. 

The large ranges of the various parameters is an indication of the dif- 
ficulty encountered in trying to correlate these data. As can be seen 
from the table, it was impossible to find two sets of data for which the 
range of experimental parameters was identical. Given adequate data, the 
correlation could include any of the aforementioned parameters; however, 
in the absence of these data, the correlation developed in this study is 
based only on the jet velocity ratio. 

The correlation curves presented in this report were obtained in the 
following manner. First, theoretical results were obtained using the 
blockage model alone for V^/V^ < 2.35 and the blockage plus entrainment 
model for V./V ^ 2.35. The V./V = 2.35 limit value is built into Yeh's 

j' OO CO 

entrainment model equations, and is the lowest jet velocity ratio for 
which the entrainment equations can be used. It is well known that block- 
age effects are dominant at low velocity ratios, while the entrainment 
effects are dominant at high velocity ratios. The velocity ratio at which 
entrainment effects .begin to influence the pressure distribution on the 
plate is not known, but comparisons with data from reference 4, such as 
those shown in figure 11(a), indicate that the blockage model alone is 
sufficient for low jet velocity ratios. Data comparisons using the 
blockage- model alone and blockage plus entrainment model for V^/V^ = 3.9 

and 8.0 are shown in figures 11(b) and (c) , respectively. The V./V„ = 3.9 

3 

data comparisons indicate that while some entrainment is needed to improve 

theoretical results, the present entrainment model is providing "too much" 

entrainment at this particular V./V . Figure 11(c) shows a large entrain- 

3 

ment effect at V^/V^ = 8.0 which improves the blockage alone results and 
shows excellent agreement with data at 8 = 0® and 30®. As a result of 
similar data comparisons throughout the jet velocity ratio range and 
because of the limits of the entrainment model, it was decided to use the 
blockage model alone in the low jet velocity ratio range (1.0 ^ V./V ± 2.35) 
and the blockage plus entrainment model in the medium to high jet velocity 
ratio range (2.35 ^ V^/V^ 10.0). 

After calculating theoretical pressure coefficients at chosen 8 and 

r/D stations for each V^/V^, ^ ^^^p^r/iscous is obtained by comparing 

these results with experimental data. In cases where more than one data 

set exists for a particular V^/V^, ^^^p^viscous found by averaging 

the correlation values obtained from each data set. By determining a 

(AC ) . for each (8, r/D) pair, a data base is set up which consists 

p viscous V , / , r 
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of a (AC )„■ array for each jet velocity ratio. Linear interpolation 

p VISCOUS ■* 

is used to determine correlation values at any V./V , 6, and r/D values 

j • 

for which correlation curves have not been determined. These results are 
described in the following section. 

RESULTS 

Correlation curves are presented in figure 12 for jet velocity ratios 
1.0, 1.67, 2.2, 3.33, 3.9, 5.0, 6.1, 8.0, 10.0, and 12.0. The correlation 
values were determined at 6 = 0°, 30®, 60°, 90°, 120°, 150°, and 180° and 
r/D = 0.75, 1.0, 1.5, 2.0, 3.0, and 5.0. The correlation curves for 
Vj/V^ = 1.0, 1.67, 2.2, and 6.0 were determined using only one data set 
each as other data at these velocity ratios are unavailable. All other 
correlation curves were obtained using two or more independent sets of 
data. 


The results shown in figure 12 exhibit some variations in form, as 

would be expected considering the nature of the data used to develop 

these results. There is a systematic variation of (AC ) • „ ^ „ at each 

velocity ratio; however, the actual shape of each correlation curve 

changes somewhat with changing velocity ratio. The correlation factors 

are presented as a function of 8 for constant radius values because the 

systematic nature of the (AC ) . _ values is more obvious than when 

p viscous 

presented as a function of radius for constant 8 values. 

Some effort was made to further correlate the factors of figure 12 
by attempting to collapse all the curves at a given velocity ratio onto 
a single curve. This would have simplified the use of the correlation 
factors, and it would also have smoothed the curves. Unfortunately, this 
effort was not successful. It proved impossible to find a common normal- 
izing parameter which was applicable for all velocity ratios. As a result 
of this investigation, the correlating factors were maintained in data 
base form as shown in figure 12. Any required factor can be obtained by 
interpolating between curves at a given velocity ratio and interpolating 
between velocity ratios. 

The pressure prediction method, made up of the blockage model, the 
entrainment model, and the viscous correction factor, will now be applied 
to a range of flow conditions for which data are available for comparison. 
Unfortunately, the available data are the same data used to develop the 
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viscous correlation factors, thus the quality of the agreement in reality 
depends on the degree of agreement between different sets of data. It 
would be more useful to compare the prediction method with independent 
data, but adequate additional data are not available at the present time. 

Data comparisons of C vs r/D at 3 = constant for V./V^ = 3.33, 3.9, 

5.0, 8.0 and 10.0 are presented in figures 13 through 17, respectively. 

In figure 13, predicted pressure distributions with and without the 

correlation correction are included to illustrate the effect of the 

correction factor at various positions around the jet. The uncorrected 

results are not shown in figures 14 through 17. Data comparisons are not 

presented for V./V_ = 1.0, 1.67, 2.2 or 6.1, since the correlation curves 
3 

for each of these jet velocity ratios were determined using only a single 
data set. The predicted results were determined for 0.75 s. r/D ^5.0 and 
for 3 = 0°, 30<>, 60®, 90°, 120°, 150°, and 180°. 

As can be seen from these figures, varying degrees of success were 
obtained using the data correlation prediction method. As mentioned above, 
the success is dependent on how well the various sets of data agree with 
one another. In regions where the data sets are in good agreement with 
one another, the prediction method results agree well with all experi- 
mental results. In general, comparisons with data are in good agreement 
over a wide range of floy? conditions. 

A special note is made here with respect to the Vj/V^ = 3.33 correla- 
tion results in figure 13. It was felt that the experimental results from 
reference 3 should not be used in determining correlation factors since 
they do not follow trends seen in other experimental data. For example, 
the C value at 3 = 0° and 180° approaches zero within 2 jet diameters, 
which is a phenomenon that is not found in any other experimental data in 
this Vj/V^ range. Also, the behavior at 3 = 30° is unlike that seen for 
other data in this jet velocity ratio range. That is to say, other experi- 
mental results show a slight peak in the C value between r/D = 0 and 2, 
while the reference 3 data shows a smooth curve. As a result of these 
inconsistencies with respect to other data, it was decided to use refer- 
ence 1 for the V./V - 3.33 correlation. Data from reference 3 is included 
^ ' 00 

in the data comparisons to show the behavior of these data. 

An interesting means of comparing measured and predicted results is 
to compare the total force and distribution of force on a finite plate 
with the jet at its center. The normal force is obtained by integrating 
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pressures on a circular finite plate whose diameter is dependent on the 
location of the outermost data points. The circle is divided into sectors 
and segments, as shown in figure 18(a), and the pressure coefficient at 
the area centroid of each of these pieces is used to determine a force on 
each piece. These forces are summed to obtain a. total normal force, and 
moments are taken about the Y-axis to obtain a pitching moment. The 
positive sense of the normal force and pitching moment is shown in figure 
18(b). The measured and predicted force and moment coefficients are com- 
pared in figure 19. 

A circular plate with a radius of 5.5 jet diameters was used to 
obtain results for the reference 1 and 4 data comparisons. A smaller 
plate with a radius of 4.25 jet diameters was used for the reference 5 
comparisons . The good agreement for both normal force and pitching moment 
coefficients indicate that, while the correlation method pressure distri- 
bution results are not in perfect agreement with experiment, the method 
can give accurate integrated force and moment results. 

All of the correlations and comparisons made thus far have been for 
a jet exhausting normal to a plate (0 = 0®) . There is a practical interest 
in having the capability of predicting the jet induced pressure distribu- 
tion on a plate from which the jet is exhausting at some arbitrary angle 
(0 ^ 0°). Unfortunately, adequate data do not exist to develop a set of 
correlation factors for other jet inclination angles. The following 
investigation was made to determine the possibility of using the existing 
correlation factors for 0 = 0® to predict the pressure distribution for 
other jet inclination angles. 

In reference 20, pressure distribution data are available for a wide 
range of jet inclination angles (0® ^ 0 ^ 60°) for a jet velocity ratio 
of 12. The correlation curves for V^/V^ = 12 are used to predict the 
pressure distributions which are compared with data for a jet exhausting 
normal to the plate (figure 20). Two sets of data, from references 5 and 
20, are presented in this figure and the agreement between both sets of 
data and the predicted curves is generally very good. 

Next, these same correlation factors are applied to the predicted 
results for the jet exhausting at an inclination angle of 30®. These 
results are compared with the experimental data from reference 20 in 
figure 21. The agreement in this figure is not as good as that obtained 
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for normal jets (0=0®) in previous comparisons. The results of figure 
21 indicate that separate correlation curves are needed for each jet 
inclination angle. 


CONCLUDING REMARKS 

A correlation method was developed to include viscous effects in the 
predicted pressures on an infinite plat plate from which a jet is issuing 
into a subsonic crossflow. Correlation values of viscous induced pressure 
coefficients were defined as the difference between pressures predicted 
by a potential model and those obtained from experimental data. Jet 
blockage and entrainment effects were accounted for in the potential model 
using a vortex quadrilateral panel model and a sink distribution model, 
respectively. The viscous effects of the jet were represented by the 
correlation values. 

Comparisons of measured and predicted plate pressures in the vicinity 
of normal jets (0 = 0°) over a wide range of jet velocity ratios were 
generally good. Data comparisons of normal force and pitching moment on 
a finite plate were also in good agreement. 

The correlation method did not work well when it was applied to flow 
conditions which were outside the range of the data used to obtain the 
correlation factors. For example, the application of correlation factors 
corresponding to a normal jet (0=0®) to a condition with a nonzero jet 
inclination angle proved to be unsatisfactory. It is possible to inter- 
polate for velocity ratio and plate position, but the correlation factors 
must correspond to the correct jet inclination angle. 

The success of the method described in this report for jets exhaust- 
ing from infinite flat plates indicates that it is possible to extend 
the method to other configurations, with the one requirement that ample 
data be available to determine the correlation factors. For example, the 
method could be extended to include jets exhausting from finite plates or 
from curved shapes like a fuselage or pod. 

recommendations" 

The correlation method described in this report could be improved 
and made more general in several areas. The first improvement to the 
method as it exists now would be the infusion of additional data at the 
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same flow conditions used to determine the present correlation factors. 
This would verify the factors and give additional confidence in their 
application to pressure prediction in the vicinity of jets exhausting 
from a plate. 

If additional data were available which had a systematic variation 
including jet inclination angle, jet Mach number, and plate Reynolds 
number, these parameters could be included in the correlation curves. 

Finally, it is noted that while some care may be taken in the design 
of wind tunnel experiments to control jet turbulence level and mean veloc- 
ity profile, these quantities are generally not measured. For purposes of 
this kind of prediction work, it would be desirable to have flow field 
measurements in and around the jet to define its flow properties, loca- 
tion, and spreading as well as induced surface pressure measurements. 

NIELSEN ENGINEERING & RESEARCH, INC. 

Mountain View, California 
May , 1978 
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APPENDIX A 


JET-IN-A-CROSSFLOW BIBLIOGRAPHY 

A literature search was instigated to determine the available data 
reports and predictive methods for subsonic jets issuing from an infinite 
plate into a subsonic crossflow. In the course of the search, reports 
related to the V/STOL problem, but not directly related to the specified 
subject, were discovered. These reports included information on jets 
ejecting into a supersonic crossflow, jets ejecting from wings and fuse- 
lages, jets ejecting from complete aircraft models, and confined jets in 
a crossflow. Confined jets are defined as jets whose vertical or lateral 
movement is restricted by wind tunnel walls. These references, though not 
specifically related to the subject of current interest, are important for 
an overview of the total subject of jet induced aerodynamics. Since these 
additional references may be useful in future work, they are retained in 
the bibliography; however, the bibliography should not be considered to 
be complete in these additional areas. 

The appendix is presented in the following format. Each reference 
is given an identification number, and the references are listed chrono- 
logically in order of the year of publication. Table A-I is a cross 
index of the reference number and its year of publication. Table A-II 
defines the symbols and abbreviations used in this Appendix. 

Table A-III classifies the references, whose numbers are given in 
column 1, as to the type of report (GENERAL CATEGORY) and types of subject 
matter treated or type of data obtained (SUBJECTS TREATED) . The type of 
report is divided into three general categories: DATA, THEORETICAL or 

EMPIRICAL METHOD, and REVIEW, SUMMARY, ^or SURVEY REPORT. DATA reports 
are those which present original experimental data. THEORETICAL or 
EMPIRICAL METHODS are reports which present predictive methods dealing 
with some aspect of the jet in a crossflow problem. REVIEW, SUMMARY, or 
SURVEY REPORTS are those reports which synthesize or analyze previously 
available information. The GENERAL CATEGORY section is followed by two 
columns which indicate the model investigated and the free-stream Mach 
number range. The models are presented in the form A/B, where A repre- 
sents the general configuration investigated and B is the location of the 
fan or jet. For example, the symbol W in this column indicates a wing 
alone was investigated in the given reference. The fact that this symbol 
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is not followed by a slash (/) indicates that the jet or fan is in the 
wing. The designation WB/F indicates that a wing-body configuration with 
a fan or jet in the fuselage was investigated. The RANGE column 
indicates whether the free-stream Mach number range of. the given reference 
is in the subsonic (SUB) or supersonic (SUP) regime. The SUBJECTS TREATED 
category is divided into eight columns. A cross mark (X) in any one of 
these columns indicates that particular subject was investigated in some 
fashion in the given reference. 

The Appendix is set up for use in the following manner. First, 
determine the reference number of interest from Table A-III. Second, look 
up the year of publication in Table A-I; and finally, locate the reference 
in the chronological listing at the end of the Appendix. 
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TABLE A- 1 1. -MODEL SYMBOLS AND ASSOCIATED 
CONFIGURATIONS USED IN TABLE II 


Symbol 

A 

CON 

F 

FAN 

LIT 

N 

0 

P 

PL 

W 

WB 

WBT 


Configuration or 
Subject Treated 

Arbitrary body 

Confined jet 

Fuselage 

Lift fan hardware 
investigation 

Literature survey 

Nozzle 

Other 

Engine pod 
Flat plate 
Wing 

Wing-body 
Wing- body- tail 



TABLE A-III.- CLASSIFICATION TABLE 




V ^^'S'x'vNS^ 

_x 

X ' O X 

VV\ V 

•^sx 

V°X^\ 

X ^ 

X X V X 


X XXX 


0 ) 

C fc 

^ ^ ^ 15 »5 <‘5) pQ 

& 


X 


« « » Hg|(^ 





cu 

< 

< 

PQ 

12 

m 

■ 

■ 


s § 

12 


JBL 

mamaa 


X X X X X X X XX 


CN ro ^ 


^ m vD r- 


(TVOrHCVlOO^^ ^ 
.-HCgCN CNf>JCN(N CN 

















































































Subjects Treated 



m 






31 

























































































TABLE A-III.- Continued 



32 























































































xfX# 

X 

X'XXv'^ 5 ^ 

\ XX 

X v>.X ^x 
X x>^\ 

vXX 


X X X X X 


XX X 







f>- 

is; 

dT 


h:i 


C\ 


a 

hQ 

i^ 

CQ 

'Sv 

hQ 

CON) 

CON) 

H 

hQ 

\ 

'N 

CP 

< 




< 

P4 

CM 

V 

CU 

cu 


i\ 

CQ 

c^ 

cu 



CQ 

IS 

;CU 

D^ 

04 

tJ 

0^ 

CQ 

IS 

CU 

CQ 

IS 

a 

WB 


CM 

Ot 

CQ 

IS 

\ 

CQ 

IS 


_ - 


, 

_X 











1 ^ 










cu 

u 







— 


XV^ 
V Xf^ 


XV 

Xx 


ro^ LOvor^oocTkOW 
v£)vo vDtDvD«Dvor^r^ 


X X X X X X X X 


vDr^cocr^oHcNjro^mvD 

t^t^r^t^cocooooooocooo 


33 


87(a) X WBTA, 

87 (b) XX PL 



TABLE A-III, - Continued. 
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1948 


75. Callaghan, E. E. and Ruggeri, R. S. : Investigation of the 

Penetration of an Air- Jet Directed Perpendicularly to an 
Air Stream. NACA TN 1615, June 1948. 
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1949 


108. Callaghan, E. E. and Bowden, D. T. : Investigation of Flow 

Coefficient of Circular, Square and Elliptical Orifices at 
High Pressure Ratios. NACA TN 1947, Sep. 1949. 
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1950 


76. Ruggeri, R. S. , Callaghan, E. E. , and Bowden, D. T. : 

Penetration of Air Jets Issuing from Circular, Square and 
Elliptical Orifices Directed Perpendicularly to an Air 
Stream. NACA TN 2019, Feb. 1950. 

94. Cousin, S. and Uberoi, M. S. : Further Experiments on the 

Flow and Heat Transfer in a Heated Turbulent Air Jet. NACA 
Rept. 998, 1950. 
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Hickey, D. H. and Ellis, D. R. : Wind Tunnel Tests of a 

Semispan Wing with a Fan Rotating in the Plane of the Wing. 
NASA TN D-88, Oct. 1959. 



1961 


7. Aoyagi, K. , Hickey, D. H. and deSavigny, R. A. : Aerodynamic 

Characteristics of a Large-Scale Model with a High Disk- 
Loading Lifting Fan Mounted in the Fuselage. NASA TN 
D-775, Oct. 1961. 

13. Maki, R. L. and Hickey, D. H. : Aerodynamics of a Fan-in- 

Fuselage Model. NASA TN D-789, May 1961. 

19. Vogler, R. D. : Effects of Various Arrangements of Slotted 

and Round Jet Exits on the Lift and Pitching-Moment 
Characteristics of a Rectangular- Base Model at Zero Forward 
Speed. NASA TN D-660, Feb. 1961. 

21. Spreeman, K. P. : Induced Interference Effects on Jet and 

Buried-Fan VTOL configurations in Transition. NASA TN 
D-731, Mar. 1961. 

62. Cubbison, R. W. , Anderson, B. H. and Ward, J. J. : Surface 

Pressure Distributions with a Sonic Jet Normal to Adjacent 
Flat Surfaces at Mach 2.92 to 6.4. NASA TN D-580, 1961. 

63. Janos, J. J. : Loads Induced on a Flat- Plate Wing by an Air 

Jet Exhausting Perpendicularly Through the Wing and Normal 
to a Free-Stream Flow of Mach Number 2.0. NASA TN D-649, 

1961. 

73. Ricou, F. P. and Spalding, D. B. : Measurements of Entrain- 

ment by Axisymmetrical Turbulent Jets. J. Fluid Mech. , 
vol. 11, part I, Aug. 1961, pp. 21-32. 

93. Spreeman, K. P. : Investigation of Interference of a Deflected 

Jet with Free Stream and Ground on Aerodynamic Characteristics 
of a Semispan Delta-Wing VTOL Model. NASA TN D-915, Aug. 1961. 
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1962 


20. Otis, J. H. , Jr. : Induced Interference Effects on a Four-^Jet 

VTOL Configuration with Various Wing Planforms in the 
Transition Speed Range. NASA TN D-1400, Sept. 1962. 

27. Wooler, P. T. : Lift and Moment Forces Due to a Jet Ejected 

From the Lower Surface of a Wing. Aero-Research Rept. No. 8, 
Nov. 1962. 

46. Gregory, N. , Raymer, W. G. , and, Love, E. M. : The Effect of 

Forward Speed on the Inlet Flow Distribution and Performance 
of a Lifting Fan Installed in a Wing. NPL Aero. Rept. 1018, 
June 1962. 
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1963 


8. Hickey, D. H. and Hall, L. P. : Aerodynamic Characteristics 

of a Large-Scale Model with Two High Disk-Loading Fans 
Mounted in the Wing. NASA TN D-1650, Feb, 1963. 

12. deSavigny, R. A. and Hickey, D. H. : Aerodynamic Character- 

istics in Ground Effect of a Large-Scale Model with a High 
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TABLE I.- REFERENCES USED TO DEVELOP CORRELATION METHOD 
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^Method of presentation of data: 

C - pressure contours on plate 

G - graphical data (Cp vs r/D for g = constant or 

Cp vs 6 for r/D = constant) 

T - tabulated data 
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Figure 3.- Vortex quadrilaterals on wake surface. 



Figure 4.- Effect of the length of the entrainment model 
singularity distribution on the predicted 
flat plate pressure coefficient near 
• a jet, Vj/V„ = 8.0, 6j = 90°. 
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Figure 6.- Effect of initial region length on the 
predicted pressure distribution on a 
flat plate, 
















Figure 10.- Effect of free-stream velocity 
on the pressure distribution on 
a plate, V./V^ = 2.5. 


77 




















8 / degrees 


(a) V./V = 1.00 

j ' oo 


Figure 12.- Correlation factor for viscous portion 
of the presure coefficient induced on a flat plate 
by a jet exhausting into a crossflow, 6 = 0°. 
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Figure 12.- Continued 
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Figure 12.- Continued 
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Figure 12.- Continued 
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Figure 12.- Continued 
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Figure 12.- Continued 















Figure 13.- Comparison of measured and predicted 
plate pressure distribution, V./V = 3.33. 
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Figure 15.- Comparison of measured and predicted 
plate pressure distribution, vVV„ = 5.0. 
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Figure 16.- Continued. 
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Figure 18.- Finite circular plate. 
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Figure 18.- Concluded. 




Figure 19.- Comparison of normal force and pitching moment 
on a plate . obtained from measured and predicted 
pressure distributions. 
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Figure 20.- Concluded. 
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Figure 21.- Comparison of measured and predicted 
plate pressure distribution, Vj/V^ = 12.0, 0= 30°. 
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